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Abstract--Voronoi polyhedra, used in past work to mensurate volumes and areas of molecules, are 
here applied to the docking problem in biology, indicating a future use for these polyhedra in studying 
biological interactions. 
Voronoi polyhedra[l] have been used to assign volumes to atoms and ions. Since the volume 
of atoms or ions is undefined in principle, the assignment of such volumes through the artifice 
of the Voronoi polyhedra represents one way of inflicting an essentially human point of view 
onto geometric aspects of structural chemistry. O'Keefe[2] suggested the use of Voronoi po- 
lyhedra to obtain coordination numbers in crystals. Bernal[3] used Voronoi polyhedra to char- 
acterize the adjacency patterns in hard-sphere fluids. Richards[4] used a variant of Voronoi 
polyhedra to assign volumes to atoms and groups of atoms in biologically interesting molecules. 
In the context of this paper, the Voronoi polyhedra re closed polyhedra surrounding each 
individual atom in an arbitrary assembly of atoms or molecules, which includes all points closer 
to the individual atom than any other atom in the system. The faces of the polyhedra re 
perpendicular to the line joining the centers of nearest neighbors. Two atoms which are adjacent 
to each other each contribute a face to the other's Voronoi polyhedron, although the areas of 
the two faces are not equal. The edges of a Voronoi face all intersect in vertices, each labelled 
by the atoms which are contributing faces to the edges which are forming the vertices. We[5] 
reintroduced Voronoi polyhedra to the study of liquids and liquid mixtures. Our interest originally 
was sparked by questions pertinent to the meaning of the partial molar volumes. In speculating 
about he meaning of partial molar quantities, one starts with the idea of how one measures the 
volume of a molecule, and ends with the idea that the volume of a molecule is a function of 
the molecules doing the measuring. This means that there is no single number which can be 
assigned to the molecular volume, and instead implies that the volume of a molecule is, at least 
in a theoretical sense, an experimental quantity. Given this central thought, the experiment 
clearly is one of the statistical mechanical simulation techniques, either molecular dynamics or 
Monte Carlo simulation. Since the Voronoi polyhedra re the correct measure of molecular size 
in monatomic regular solids it would appear easonable to enlarge this concept, and decide to 
arbitrarily introduce the Voronoi polyhedra per atom in nonmonatomic fluids, i.e. in fluids with 
polyatomic interacting species. 
It is apparent that per solute molecule, each atom will have an instantaneous Voronoi 
polyhedron, and that the "sum" of all these Voronoi polyhedra for all of the atoms of the solute 
molecule is a Voronoi polyhedron assignable to the entire solute molecule. Furthermore, it is 
apparent that if the solute molecule has conformation lability, then the Voronoi polyhedra will 
be conformational l bile even if the solvent molecules were rigid (as in a glass). 
Since our simulation work relative to the polarization model[6] for water and its ionic 
dissociation products has centered on clusters, we applied our original Voronoi (oxygen based, 
vide infra) concept to these clusters, and rapidly found that Voronoi polyhedra had a diagnostic 
use in discovering which atoms of a cluster were "on the surface"[7]. 
In the next paper of this series[8] we noted the fact that one could generate two sets of 
Voronoi polyhedra when dealing with water as solvent, one based on oxygens and one based 
on both oxygens and protons. The distinction allowed us to design a computer recognition 
algorithm for recognizing which Voronoi polyhedra of a solute molecule are proton acceptors 
based on the change in faces experienced in going from the former to the latter method of 
generating Voronoi polyhedra. 
763 
764 C .W.  DAVID 
Finally, we noticed[9] that the Voronoi polyhedra of solute molecules identifies the mol- 
ecules which were adjacent to them so that the meaning of the "first coordination sphere," 
when there is no sphere (complex solute) and no other definition of "first coordination," becomes 
quantifiable. The Voronoi polyhedron offers an instantaneous measure of whether or not a given 
solvent molecule is in the "first coordination sphere." 
We have now uncovered two other uses of Voronoi polyhedra in solution studies. First, 
we have noted that Voronoi polyhedra, or rather the lack of Voronoi polyhedra, may be used 
as a diagnostic tool for searching for clefts in large molecules, i.e. surface regions where the 
surface of the molecule is dimpled so that, in possible lock and key fashion, substrates and 
substrate acceptors might meet and interact (with the elimination of the intervening solvent)[ 10]. 
Next, we here report he next step in understanding this process, going one step beyond mere 
recognition, to measuring in some sense the actual process in which two molecules recognize 
each other. 
The Voronoi polyhedra re completely known when the atomic oordinates of all the atoms 
in a system are known. In solids, this implies that the Voronoi polyhedra re fixed, stable 
entities. In liquids and gases, on the other hand, the Voronoi polyhedra re changing constantly 
as nuclei move. Therefore, only average properties of Voronoi polyhedra re of interest, and 
the Voronoi polyhedra re uniquely associated with simulations (molecular dynamics or Monte 
Carlo). In the work on Voronoi polyhedra coming from this laboratory, we have concentrated 
on the algorithms to be used, rather than on the results which Voronoi polyhedra give. Before 
proceeding, it is well to note that Voronoi polygons (the two-dimensional nalog of Voronoi 
polyhedra) have been used in a multitude of ways. They have been used in geology[ll], 
biology[12] and in other areas, as indicated by Boots and Murdoch[13]. 
To illustrate the construction of Voronoi polyhedra in the cases under study here, we use 
the two-dimensional Voronoi polygons. As can be seen in Fig. 1, connecting the centers of 
atoms, and erecting the perpendicular bisectors of these centers, results in a pattern of intersecting 
lines which define areas enclosing each atom center. All points inside a Voronoi polyhedron 
are closer to the center of the "central" atom than to any other atom in the system. 
In three dimensions, the connecting of atom centers is the same, but instead of a perpen- 
dicular bisector, one must erect a perpendicular bisector plane: a plane which is itself perpen- 
dicular to the line joining atomic centers. Two such planes intersect in a line, and three lines 
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Fig. 1. Constructing Voronoi polygons.  
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Fig. 2. A typical Voronoi polyhedron, taken from a high-temperature simulation of a water droplet. Only the 
oxygen in the center, and one which is contributing a face, are shown. 
intersecting together generate a comer of a Voronoi polyhedron. Figure 2 shows a typical 
Voronoi polyhedron, this one taken for a central water molecule (oxygen shown) surrounded 
by others. The coordinates were taken from a high-temperature simulation of water droplets. 
Here, we show how Voronoi polyhedra may be employed to algorithmically detect he 
"'touching" of two molecules in solution, the so-called "docking problem" of biology[14], 
and we show that Voronoi polyhedra can provide a measure of overlapping areas between 
juxtaposed ocking molecules, which might be used to quantitatively follow a "degree of 
docking" parameter. Consider two large molecules whose chemical function depends on one 
of them finding the appropriate region on the other, and attaching itself to this appropriate 
region in an special fashion. Nature carries out this task all the time. As chemists imulate these 
systems, an algorithm for detecting when and how efficiently docking has occurred will become 
important. Since the Voronoi polyhedra of the atoms of solvated solute molecules contain faces 
which are labelled by either which solute or which solvent molecule "causes" that face to 





Fig. 3. The approach of two complex solute molecules which were originally solvated. Upon docking, the 
solvent sheath disappears, and the solute molecules "see" each other. 
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each other, will share Voronoi polyhcdron faces rather than sharing faces with the Voronoi 
polyhedron of an intervening solvent molecule. As two solutc molecules approach each other, 
the last solvent moleculcs to leave the docking area, as they Icavc, will take with them the 
Voronoi faces which carry that solvent label. Consequently, oncc adjacency or docking is 
achieved, certain solute Voronoi polyhcdra on both solutc molecules will contain faccs due to 
the other solute molecule, where before there were faces due to solvent. This means that these 
atoms are " touch ing , "  i.e. they are reasonably close in space, and no solvent intervenes between 
them. As docking proceeds, the areas of each solute molecule's  faces due to the other solute 
molecule (and vice versa) will grow, thereby providing a semiquantitative measure of the 
progress of  the docking. 
Figure 3 shows a sequence of drawings in which the two-dimensional nalog of the Voronoi 
polyhedra for complex solute molecules are shown coming together. It is clear that the Voronoi 
polyhedra of the atoms of two solute molecules will indicate when no solvent molecules intervene 
between them. The Voronoi polyhedra offer a multifaceted tool for studying docking under 
simulation conditions. 
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